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High sensitivity and low noise

give you many advantages

H <& a&lcost in complexity
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Overview Outline

A The components of a cryogenic detector

A State of the art of cryogenic detectors in
HEP applications
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Schematic Outline

1.Signal 2.Coupling 3.Sensor 4. Coherent 5.Readout
Preamp DAQ,
Software
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1. The signal: what are we looking for?

1.Signal 2.Coupling 3.Sensor 4. Coherent 5.Readout
Preamp DAQ,
Software
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2. Coupling: absorbers, antennas, filters, etc.

1.Signal 2.Coupling 3.Sensor 4. Coherent 5.Readout
Preamp DAQ,
Software
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3. Sensors: TES, MKID, Resonator, ...

1.Signal 2.Coupling 3.Sensor 4. Coherent 5.Readout
Preamp DAQ,
Software
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4. Coherent amplifier

1.Signal 2.Coupling 3.Sensor 4. Coherent 5.Readout
Preamp DAQ,
Software
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Optional non-classical operation:
(squeezing, entangl em
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5. Room-temperature readout / DAQ

1.Signal 2.Coupling 3.Sensor 4. Coherent 5.Readout
Preamp DAQ,
Software
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5. Readout
DAQ,

Software
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1.Signal 2.Coupling 3.Sensor
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1. The signal: what are we looking for?

1.Signal 2.Coupling 3.Sensor 4. Coherent 5.Readout
Preamp DAQ,
Software
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What can cryogenic detectors detect?

Example: "Long"-lived, free elementary particles

Spin 0 Spin Y2 Spin1 bosons | Spin 3/2 Spin 2
bosons fermions fermions bosons
Standard Electron Photon/ EM Graviton/
model + wave gravity wave
gravity
Muon
Neutrinos
electron,
mu, tau
Dark matter  Axion Neutralino  Hidden photon Gravitino
candidates WIMPs

(incomplete)

Dark energy

(expansion
history via
photons)



What can cryogenic detectors detect?

Spin 0 Spin Y2 Spin 1 bosons | Spin 3/2 Spin 2
bosons fermions fermions bosons

Standard
model +
gravity

Neutrinos

Dark matter -|
candidates _

(incomplete)
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Fields and particles: photons

Energy (eV) 107* 10-% 102 101 10° 101 102 10° 104 105 108
Wavelength (m) 1072 =2 104 10-9 1072 10-7 10 1072 10~ 1Y 10-"%
Frequency (Hz) 107 107 108 1§¢  10% 10 107 108 10° 10
Energy/fe (K) 107 101 102 10° 104 10° 108 107 108 109 1010

Electromagnetic field detection Photon detection

Photon noise: Energy resolution

S = 2hf P(1+n) DE, 2 = kgT2C for thermal

calorimeter

Can measure:

Power, polarization (spin), energffrequency), phase
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Fields and particles: dark matter

10721 eV eV 100 GeV
Field-like Particle-like

C—— |

Light (field) DM Heavy (particle) DM
AMust be a boson Acan be thermal generation
ANon-thermal generation Ae.g. WIMPs, ALPs, hidden
ALight Scalar (QCBxion, ALP) photons

Avector (hidden photon)
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2. Coupling: absorbers, antennas, filters, etc.

1.Signal 2.Coupling 3.Sensor 4. Coherent 5.Readout
Preamp DAQ,
Software
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Nuclear recoil in
semiconductor crystals:
Large crystals for low

coupling measurements

Y i Dark Matter
(mass ~ GeV - TeV)

Germanium

/ And Caw0O4
ecoil energy ] ;
(tens of keV) scintillators:

e CRESST

CPAD 2016, Caltech Stanford University



Coupling to photons: from CMB tpray

Submm: resonant
cavity absorbers

CMB:feedhornS Wlth 't. gg' ;V]Dz University of Edinburgh il . .
lithographic OMT Near IR & optical: TES with

antireflection coating
| (Sae Woo Nam et al., NIST)

Soft x-ray: Bi thin fims

Gammaray: thick
superconducting foll

L | | | | | | | | | |
Energy (eV) 10~* 107 1072 107"  10° 10 102 10° 10* 105 108

| | ! ! ! ! ! ! ! ! |
Wavelength (m) 1072 10-2 1074 102 {p7® 107 1072 1072 30=1% gt gl

L 1 | 1 ! 1 1 1 1 J
Frequency (HZ) 1011 1012 1013 1014 1019 1016 1017 1018 1019 1020

r
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Energy/ke (K} 10° 10 102 10° 104 10° 108 107 108 10° 1010



3. Sensors: TES, MKID, Resonator ...

1.Signal 2.Coupling 3.Sensor 4. Coherent 5.Readout
Preamp DAQ,
Software
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3 relevant sensor types for HEP

A Coherent amplifier
A Calorimeter (measures energy, e.g. WIMP)

A Bolometer (measures power, e.g. CMB)
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quantum noise

Consider an electromagnetic field:
E(x, t) =X, (x,))cos(¥ t) +X,(x,1)sin(¥ t) X,

Heisenberg uncertainty places a
fundamental limit on how well you
can know both amplitude and
phase, or both X, and X, X,

A Phasor diagram shows how well you can measure / amplify cosine and sine
simultaneously T result is a ball of 'noise' of magnitude % photon (+ %2 photon
from amplification). This is the Standard Quantum Limit (SQL)

Incoherent detectors measure only amplitude 7 with no quantum noise.
Squeezing / entanglement: measure only one quadrature 7 with no quantum
noise
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Coherent amplifiers for light-field dark matter

ADMX

A Axion dark matter search

A Cavityresonator

A Microstrip SQUIDs and
parametric amplifiers
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DM Radio

A Axionsand hidden photons

A Lumped-elementresonator

A dc SQUIDs, ac SQUIDs, and
parametric amplifiers
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Superconducting transition-edge sensor (TES)

In 1938 Donald Hatch Andrews invented a thermal sensor based on this
transition: the superconducting transitioredge sensor (TBS

He used it to build:
1. The world's first particé calorimeter (alpha)

2. Theworld's first infrared imager (real time!) .
A realtime infrared

D.H. Andrews image taken with a TES in
| 1945
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Modern TES: K.D. Irwin, APL 66, 1998 (1995).
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Microwave kinetic inductance detector (MKID)

|El|
Energy Gap

Silicon 1 1.10000 eV
Aluminum i 0.00018 eV

hv |

Much smaller generation-recombination

noise
b
O O
hv [
O O

P. Day, Nature, vol. 425, pp. 817-821, 2003
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